This paper estimates the CO 2 marginal abatement cost of 286 cities in China based on non-parametric directional distance function method for the period of 2002-2013. We compared the results according to different perspectives, such as the areas, the Gross Domestic Product (GDP) per capita and the environmental and non-environmental cities. The results show that the CO 2 marginal abatement cost differs obviously among cities and it's higher in eastern area than in middle and western area which indicates that the abatement potential is bigger in middle and western area.
Introduction
As we all know, China's economy has made significant progress since the reform and opening up. But with the rapid economic growth, China's carbon emissions are also growing, and now China has become one of the countries who give the biggest contribution to the carbon dioxide emissions [1] . Therefore, how to coordinate the contradiction between carbon dioxide emissions and economic development has become a major problem of sustainable development in China.
China's government has proposed that the carbon dioxide emissions of per unit of GDP should reduce by 40% -50% by 2020 compared to emissions in 2005.
However, there are many differences in the economic development and resource endowment between regions and cities due to the large size of China, so the es- J. Zhao timation of urban marginal abatement costs can help the government to formulate more effective carbon trading mechanism which will promote the implementation of carbon reduction policies more effectively.
Many literatures about the shadow of the price have been made by scholar home and abroad and the direction distance function has become the main method to estimating shadow prices. The directional distance function was proposed by Chung et al. whose basic idea is to include both the good output and the bad output into the model [2] . That's to say the method not only taking the increase in output into account but also the reduction of bad output, and only when good output cannot continue to expand, mean while bad output cannot continue to shrink, the observation is at the frontier efficiency.
According to the existing literatures, there are two methods to estimate the directional distance function: Parametric method and nonparametric method.
The parameterization method needs to select the appropriate model to estimate the directional distance function according to the purpose of the study. Therefore, different models will get different estimating results. Färe et al. used the parametric method to estimate the shadow price of pollutants for the first time on the basis of the Shephard output distance function [3] . Marklund et al. calculated the marginal carbon abatement costs of EU member states based on the parameterized output distance function [4] . Park and Lim estimated the cost of carbon abatement for thermal power plants in Korea based on the logarithmic distance function [5] . Chen S. Y estimates the CO 2 shadow prices of different industries in China by using parametric and nonparametric methods [6] . Wei C analyzed the cost and influence factors of carbon abatement in 104 cities of China based on the model [7] . And in his another literature, he estimate marginal CO 2 abatement costs at the provincial level in China, and fitted the marginal emission reduction cost curves based on the results [8] .
Unlike parametric methods, non parametric methods based on DEA non-parametric approach do not require a specific form of function and specific input and output prices, so it has been widely used in the current literatures. Chamber et al. and Chung et al. proposed the nonparametric directional distance function based on DEA first to study environmental performance and shadow prices including unintended outputs [9] . Boyd [12] . Tu Z. G used non-parametric directional distance function to calculate the shadow price of industrial sulfur dioxide in China [13] . Liu M. L et al. estimated the performance of China's provincial carbon emissions and the cost of carbon abatement based on DEA directional distance function [14] . 
Methodology
This paper use the DEA-based directional distance function to estimate the CO 2 the carbon dioxide emission performance and shadow prices in 286 cities of China.
Output-Oriented Distance Functions
Consider a joint-production process in which a productive entity employs the input vector
and the undesirable output vector
The input vector often includes both energy and non-energy inputs, and the undesirable output vector includes a variety of pollutants or/and green house gases. The joint production process can be modeled by an environmental production technology, which may be represented by an output possibility set
In the joint-production process, inputs and the desirable output are generally assumed to be strongly or freely disposable, which can be respectively expressed as follows [15] :
The strong disposability indicates that inputs and good output can be increased or decreased without bearing any costs.
Under the circumstance of environmental regulations, the undesirable outputs cannot be freely disposable, i.e. the productive entity has to undertake a certain amount of cost to reduce the undesirable outputs. Furthermore, the undesirable outputs will be inevitably produced unless the entire production process is terminated. The two important assumptions, which are respectively referred to as weak disposability and null-jointness, make the production technology to be an environmental production technology (or polluting technology). Mathematically, the two assumptions can be respectively given by
Distance functions are often employed to characterize the environmental production technology described above. Recently, the directional distance function has received increasing attention in energy and environmental performance measurement mainly owing to its flexibility. Following Chung et al. [2] and Färe et al. [16] , we formulate the directional output distance function as follows:
where ( )
g g − is the directional vector that indicates the direction by which the output combination are scaled, and β is the value of the directional distance function that measures the largest amount by which b and y can be respectively deflated and inflated given x. The smaller of the value of β, the more efficiency the unit is. If β = 0, then the unit is on the frontier of production and is perfectly efficiency. If β > 0, it means that the good output should be expanded and the bad output should be cut. Following Minglei Liu, we use the value of β to estimate the CO 2 emission efficiency of cities [14] . Shephard or directional distance function can also be evaluated by data envelopment analysis (DEA). DEA is a popular nonparametric technique for performance evaluation. In energy and environmental studies, DEA has been widely used to benchmark energy and CO 2 emission performance. Following Lee and Kaneko, β, the value of directional distance function can be estimate by the following linear program under the condition of under constant returns to scale [11] [12]:
s.t.
where λ refers to intensity column vector.
The Marginal Abatement Costs
The shadow price of the j-th bad output can be specified as Färe et al. [3] :
In a perfect competitive market, the observed market price of them-th good output equals its absolute shadow price m p . Consequently, we can represent the shadow price for the j-th bad output by the product of our normalizing price of m-th good output and the marginal transformation rate between j-th bad output and m-th good output. The shadow price specification in Eq. (8) 
Variables and Data
The data covers 286 cities for the period of 2002-2013. The production of GDP (Y) requires capital stock (K), labor force (L), and energy consumption (E) as inputs and, as a byproduct, yields one undesirable output, CO 2 emission (B).
1) The labor input is calculated as the value of employment at the end of the current year; both values are obtained from the China City Statistical Yearbook.
2) The data on energy consumption are collected from the China Energy Statistical Yearbook, including electricity consumption, gas and liquefied petroleum gas consumption, transportation consumption and heat consumption.
3) The capital stock is unavailable in any statistical yearbook, and therefore, we have to estimate this using the following perpetual inventory method [17] : 4) The data on CO 2 emission at the city level are not available. Based on the consumption in four sectors, the total CO 2 emission can be calculated. The gas and liquefied petroleum gas consumption emission and the heat emission can be calculated directly based on the criteria published by the International Panel on Climate Change (IPCC) (2007). Following Glaeser and Kahn, there is only one emission factor for each regional grid and China Power Grid is divided into North China, Northeast China, East China, Central China, Northwest and South six regional power grid and the regional grid baseline emission factor can be get from the China Energy Statistical Yearbook [18] . So we estimate the electricity emission based on the baseline and emission. Following Hongqi Li, we can estimate the transportation emission based on the certain proportional relationship between energy consumption intensity and carbon emission intensity of various transportation modes [19] ; both values are obtained from the China City Statistical Yearbook and the China Statistical Yearbook. Table 1 lists the descriptive statistics for the variables. Based on GDP and calculated CO 2 emissions, we estimate the intensity of CO 2 emissions in each city. The Figure 1 shows the carbon intensity during 2002-2013 in eastern, central and western respectively. The result reflects that the intensity of carbon emissions in the eastern region is the lowest, and always lower than the national average level, while the carbon emissions intensity in central and western regions over 2002-2013 is always higher than the national average. Especially the western region, the highest carbon intensity in this area reaches 1.
63 tons/million, showing that the pressure of reducing emissions is still large. However, the energy intensity of carbon emission in China and the three regions is basically declining in the period of 2002-2013 which shows that a series of emission reduction policies implemented by the government have achieved a certain positive effect.
Results
Based on the DEA model, we obtain the corresponding distance function values and the shadow price of CO 2 for each city and make analyses as follows.
Carbon Emission Performances
As mentioned above, the distance function values represent the potential of the observed units to be improved compared to the most efficient point located on the frontier of production and the smaller the value, the better the emission performance is. Therefore, this paper analyzes the performance of China's cities' higher level of economic development, advanced technology, and energy efficiency, which has resulted in the lower carbon intensity in the region. That's to say, the cities in eastern region will have to pay a greater economic cost if they continue to reduce carbon emissions. While the central region's higher carbon intensity shows that there is a large potential for the cities to reduce emission and the economic costs of emission reduction is relatively lower. 
CO2 Marginal Abatement Costs

Conclusions
The World Bank has made estimates that the greenhouse gases produced by energy consumption in cities of China take around 70% of the total greenhouse gas emissions in the whole China. Therefore, it's necessary for China to control 2.02% and 3.62% respectively which are all smaller than the defined target about 3.7%. Based on the above analysis, a one-size-fits-all carbon reduction policy is extremely unfavorable to the economically developed cities in eastern region and the government should take into account the specific conditions of each city in formulating specific emission reduction policies. For example, there are obvious differences in emission abetment costs among the three regions so that the eastern region where has relatively higher abatement cost should continue to maintain the existing economic development mode to promote economy development and buy emission permits to achieve emission reduction targets at the same time using the carbon trading mechanism. While the central and western regions should continue to improve the technical level to improve energy efficiency and to achieve the goal of energy-saving and emission reduction.
